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Abstract 
A 275 kV 3 kA high temperature superconducting cable (HTS cable), which could be used as a backbone power 
line in the future, was developed in the NEDO project called M-PACC.  One of the most important developments of 
a high voltage HTS cable was the high voltage insulation technology. A design guideline and a test specification that 
was necessary to design, product and demonstrate of a 275 kV, 3 kA HTS cable have been studied by obtaining the 
various experimental data such as AC withstand voltage, impulse withstand voltage, partial discharge inception 
stress, and the V-t characteristics of the insulation, on the basis of the Japan Electrical Standards (JEC) and the 
International Electrotechnical Commission (IEC). Moreover, the 275 kV, 3 kA HTS cable with a length of 30 m was 
demonstrated under a long-term voltage and current loading test. 
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1. Introduction 
A high temperature superconducting cable (HTS cable) is the compact and lightweight cable that can transmit 
bulk electric power with low loss as compared with conventional cables. In particular, the 2nd-generation HTS wire 
(REBCO wire) seems to be a promising material for a HTS cable, because the wire has the high critical current and 
the low AC loss. So, the HTS power cables have been developed in New Energy and Industrial Technology 
Development Organization (NEDO) projects since 2005 to realize a next-generation power transmission line using 
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the REBCO wires. In M-PACC project (Materials & Power Applications of Coated Conductors project) started from 
2008, Furukawa Electric developed the HTS cable with the world’s highest voltage of 275 kV and the highest 
capacity of 1.5 GW (3 kA), which could replace an overhead power line and a gas insulated transmission line[1]. 
 
2. Development  of high voltage HTS cable 
The 275 kV, 3 kA REBCO HTS cable is a single core cable stored in one 
cryostat pipe as shown Fig. 1.  The HTS cable needs to withstand unprecedented 
high voltage. First, we focused on an examination and a development of the 
optimal electric insulations. The electrical insulation for the high voltage HTS 
cables is mainly based on many reports of development achievements; 
especially, detailed descriptions of the insulation technology needed to operate 
the HTS cable for 30 years [2][3].  We set the concept of the 275 kV cable 
design and the test standard through the model cable tests, and we conducted a 
long-term voltage and current loading test of the 275 kV, 3 kA HTS cable with 
a length of 30 m.  
 
 
Fig. 1. Structure of the 275 kV-3 kA HTS cable. 
2.1. Design concept for electrical insulation 
Insulation of a HTS cable is the composite insulation structure made of insulating paper and liquid nitrogen.  This 
insulated form is similar to that of an OF (oil-filled) cable, which used insulating paper impregnated with oil. The 
insulated thickness of the cable was determined by reference to an OF cable design process. Since electrical stress 
on the conductor is the highest in all areas, the stress on the conductor is kept below the design electrical stress by 
inducing insulation thickness from equation (1).  Here, t (mm) is the insulation thickness, V (kV) is maximum 
operating voltage, r (mm) is radius of the conductor and E  (kV/mm) is the design electric stress. 
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Considering the mechanism of a dielectric breakdown, in such an insulated structure,  
•  First; partial discharge starts in the insulation impregnated liquid nitrogen that exists in the gap between the 
papers of the insulation layer according to the peak of a voltage cycle (partial discharge inception voltage), 
• Next; the partial discharge in the bat gap of insulations expands widely and wholly in the insulation, 
• Finally; a dielectric breakdown is penetrated through the full thickness of the insulation. 
The insulation design concept was set of not only no-electric breakdown by a peak AC voltage and a peak impulse 
voltage in power networks but also partial discharge free by any AC voltage during and after the 30-year operation. 
2.2. Test voltage 
(1) Long-term voltage test 
The long-term voltage test was conducted to confirm that the cable has a 30-year lifetime. The test voltage was 
given by equation (2), which induced the highest AC voltage in the network and deterioration factor from the n-th 
power rule of the performance of breakdown voltage depending on time under voltage stress (V-t).  
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where, U0 is the highest voltage of 300 kV in a 275 kV class power network, K1 is the deterioration factor of (30 
years/testing time)1/n, and n is the lifetime coefficient. The test voltages as test time from 10 minutes to 6 months 
are summarized in Table 1 using the lifetime coefficient factor of n= 50 obtained from the V-t performance. 
                                              Table 1. Test voltage of long term voltage test (n=50). 
Test time 10 minutes 1 hour 1 month 6 months 
Test voltage 250 kV 240 kV 200 kV 190 kV 
 
(2) AC withstand voltage test 
The AC withstand voltage test was carried out to confirm the robustness against a maximum AC voltage in a 
power network after the 30-year operation. The maximum AC voltage applies the cable, when one line grounds due 
to the fault accident of single phase.  In an extra high voltage power transmission line system, the neutral point of 
cable system is directly connected to the ground to suppress the cable voltage rising. Since the maximum voltage led 
by equation (3), the test voltage of the 275 kV HTS cable was set at 310 kV. 
 
( ) 310379.10 =×UV kV.(3)
 
(3) Impulse test 
The impulse test guarantees the robustness against a lightning impulse voltage and a switching impulse voltage. 
Conventional cables are only tested by lightning impulse voltage with negative polarity, because the lightning 
impulse voltage is higher than the switching impulse voltage and most of insulations are fragile to negative impulse 
compared to positive impulse. Since the insulation performance of the HTS cable against the impulse is considered 
the same as that of conventional cables, the impulse test voltage of the HTS cable was decided by using LIWV 
(Lightning Impulse Withstand Voltage: 1050 kV) and tolerance 1.1 as shown equation (4). 

11551.1 =×LIWVV  kV. (4) 
3. 30 m HTS model cable test 
3.1. Construction of the model cable test facility 
Furukawa Electric conducted a long-term voltage 
and current loading test of a 275 kV HTS cable in 
Shenyang Furukawa Cable Ltd. in Shenyang, China.  
The HTS cable was designed by the above-mentioned 
insulation design concept. Specifications of the HTS 
cable with a length of 30 m are shown in Table 2.  Fig. 
2 shows the layout of the 275 kV, 3 kA HTS cable test 
system that consisted of the 30 m HTS cable, two 
terminations, and a cable joint. In order to apply the 
current to the cable, a current loop was made by the 
HTS cable and three parallel connected cross-linked 
polyethylene (XLPE) cables, which increased a 
capacity to 3 kA.                                                                       Fig. 2.  Layout of 30 m. 275 kV, 3 kA HTS cable demonstration. 
30 m HTS cable
Cable joint
Termination
XLPE cable
AC transformer
Cooling system
room
 Shinichi Mukoyama et al. /  Physics Procedia  58 ( 2014 )  310 – 313 313
           Table 2. Specification of 30 m, 275 kV, 3 kA HTS cable. 
Item Content Diameter (mm) 
Former Cu stranded conductor  
HTS conductor IBAD-MOD tape of 3 mm width,  2-layer 35.4 
Electrical Insulation Polypropylene laminated paper 79.4 
HTS shield layer IBAD-MOD tape of 5 mm width,  1-layer 81.0 
Protection layer Cu braided wire and paper 88.0 
Cryostat pipe Double corrugated pipe with super-insulation 150 
* IBAD-MOD (Ion Beam Assisted Deposition - Metal Organic Deposition)   
3.2. Long-term voltage and current loading test 
The long-term voltage and current loading test was conducted for one month. It corresponded to a long-term test 
of type test of a conventional high voltage power cable. The cable was cooled at average 73 K by liquid nitrogen 
with a flow of 30 L/min. The voltage of 200 kV was applied to the HTS cable for 30 days, and the current was 
turned on for 8 hours and then turned off for 16 hours in a day. Voltage of 200 kV was derived by the life time 
factor of n = 50 as shown in table 1. This examination was accelerated to a 30-day test by applying 200 kV for 30 
years with a nominal operation voltage of 160 kV. The test was completely done in December, 2012. After the long-
term test, we confirmed the soundness of the HTS cable by AC voltage withstand test of 310 kV. Because we didn’t 
find any partial discharge signal during the AC voltage withstand test of 310 kV, we concluded the HTS cable 
withstood the voltage after the 30-year accelerated degradation. 
4. Conclusion 
The 275 kV, 3 kA HTS cable used the REBCO wires has been developed since 2008 in the NEDO project. In 
particular, the many design data and the concept were obtained from various sample cable tests, and we designed the 
30 m cable on the basis of the design concept. The 30 m HTS cable was successfully conducted by the long-term 
voltage and current loading test in December 2013 in Shenyang, China. Now, we continue a research using the 30 m 
cable system. In the research, we are supposed to confirm a reliability of the cable, by a heat cycle test and over 
voltage test. In particular, we are going to investigate about a degradation of the cable by thermal and mechanical 
history in the operation.  
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